I nvariant NKT (iNKT)
3 cells constitute a small subset of T cells expressing V␣14-J␣18 (mouse) or V␣24-J␣18 (human) TCR, which recognize lipid Ags presented by CD1d (1) . iNKT cells are descendents of CD4 and CD8 double-positive (DP) thymocytes (2, 3) , but unlike conventional ␣␤ T cells, which are selected by MHC molecules expressed on the surface of thymic stromal cells, iNKT cells are selected by cortical DP thymocytes expressing CD1d (4, 5) . The most immature iNKT cells, as defined by CD1d tetramer staining, are CD44 Ϫ NK1.1 Ϫ cells, which mature through a transitional CD44 ϩ NK1.1 Ϫ stage to become CD44 ϩ NK1.1 ϩ cells (6, 7) . While the interactions between invariant TCR and CD1d are essential for iNKT development, other signaling pathways are also required. For example, the transcription factor, RelB, is required in thymic epithelial cells but not iNKT precursors for iNKT cell development (8, 9) . The required interaction between thymic epithelium and iNKT precursors does not require CD1d because CD1d-deficient (CD1d knockout (KO)) RelB ϩ/ϩ thymic epithelial cells are capable of supporting the differentiation of RelB Ϫ/Ϫ iNKT cells. iNKT cells can be found in various peripheral organs, including spleen, lymph node, and liver. In particular, Ͼ20% of mononuclear cells found in the liver are iNKT cells. Peripheral iNKT cells display a phenotype of activated memory T cells with high CD44 and CD69 expression (10) and are known to rapidly produce large amounts of cytokines, including IFN-␥, IL-4, and IL-13, upon activation (11) . For example, significant levels of serum IL-4 and IFN-␥ can be detected hours after i.v. injection of ␣-galactosylceramide (␣GalCer), a phenomenon called "cytokine storm" (12, 13) . The production of cytokines by iNKT cells has been demonstrated to play critical roles in the pathogenesis of various autoimmune, allergic, and infectious diseases (14 -16) . In addition to mounting a cytokine storm, iNKT cells can also influence the maturation of DC through CD40-CD40L interactions and mediate tumor rejection (17, 18) .
Mature iNKT cells can be further divided into CD4 ϩ and double-negative (DN) subsets. Recent studies indicate that these two subsets of iNKT cells are functionally distinct. In human, both subsets of iNKT cells are capable of producing type 1 cytokines, whereas type 2 cytokines are mainly expressed by CD4 ϩ subset (11) . In an animal model of tumor rejection, DN iNKT cells, particularly those obtained from the liver, are most potent in rejecting implanted tumors (19) . Despite the functional distinction, it remains to be determined whether the differentiation of these two subsets of iNKT cells requires different genetic programs.
Deficiency of several transcription factors are known to cause a profound defect in iNKT cell development (7) . For example, T-bet deficiency causes a block in iNKT cell development possibly through a CD122-dependent mechanism (20) , and RelB decreases IL-15 production by thymic epithelial cells, which is required for iNKT cell to develop (9) . For other transcription factors, however, the mechanism for impaired iNKT cell development is unclear. So far, deficiency of transcription factors involved in iNKT cell development have caused a near total block in their development and have thereby precluded analysis of their role in the survival, activation, and function of iNKT cells.
GATA-3 is a C2C2 type zinc finger transcription factor whose hemopoietic expression is limited to T cells and NK cells in adult mice (21, 22) . We and others (22) (23) (24) have found that GATA-3 plays crucial roles in multiple stages of T cell development. In addition, GATA-3 is also essential for the differentiation of Th2 cells and can serve as a direct transcription factor for several Th2 cytokine genes (25) (26) (27) (28) (29) . GATA-3 is expressed in iNKT cells (20, 30) , but no study has directly addressed the role of GATA-3 in iNKT cell development and function. In the present study, we report that deficiency of GATA-3 alters, but does not block, the thymic development of iNKT cells and that GATA-3-deficient mice have a selective deficiency of the CD4 ϩ subset. GATA-3 is also required for the peripheral maturation and survival of iNKT cells. The remaining GATA-3-deficient peripheral iNKT cells are not functionally normal and display profound defects in ligandinduced activation and cytokine production. Taken together, our data indicate that GATA-3 plays a critical and broad role in iNKT cells.
Materials and Methods

Mice
Generation of the GATA-3 conditional KO mouse has been described previously (23) . The mice were backcrossed onto the C57BL/6 background for five generations and housed in specific-pathogen free conditions. Experiments were conducted in accordance with institutional guidelines for animal care at the Dana-Farber Cancer Institute under approved protocols. Mice were bred using a homozygous floxed Gata3 (FF) by FF/CD4-cre (FF/cre) strategy with the intent to generate a 1:1 mix of littermate matched FF (equivalent to wild-type (WT)) and FF/CD4-cre (GATA-3KO) mice. All WT mice, unless indicated otherwise, are littermates of GATA-3KO mice. Experiments were conducted at 4 -8 wk unless indicated. CD1d-null (CD1d KO) mice were donated by Dr. M. Grusby (Department of Immunology and Infectious Diseases, Harvard School of Public Health, Boston, MA). C57BL/6 Thy1.1 congenic and RAG-1KO mice were obtained from The Jackson Laboratory.
FACS analysis
Single-cell suspensions from the thymus and spleen were washed in PBS with 1% FCS before fluorescent Ab staining. Liver suspensions were purified using a Percoll (Amersham Biosciences) gradient. Hepatic mononuclear cells were collected from the 80 -53% interface, red cell lysed, and then stained for FACS analysis. All fluorescently labeled Abs were from BD Pharmingen, except biotinylated anti-IL-13 from R&D Systems. Unloaded and lipid (PBS-57)-loaded murine CD1d tetramer was provided by the National Institutes of Health Tetramer Facility. To identify thymic iNKT cells, thymocytes were stained with fluorochrome-conjugated anti-TCR-␤ and loaded and unloaded CD1d tetramer. To identify splenic and hepatic iNKT cells, fluorochrome-conjugated anti-CD19 (1D3) was also added to gate out B cells. Anti-CD1d (1B1), anti-CD4 (L3T4), anti-CD25 (PC61), anti-CD40L (MR1), anti-CD44 (IM7), anti-CD69 (H1.2F3), anti-CD122 (TM-␤1), anti-NK1.1 (PK136), and anti-Thy1.2 (30-H12) were also used (BD Pharmingen).
In vitro Th cell skewing
CD4
ϩ T cells were isolated and skewed as described previously (31) . Cells were unstimulated or stimulated with phorbol myristate acetate (PMA) and ionomycin for 4 h before RNA extraction with TRIzol (Invitrogen Life Technologies).
Sorting and quantitative PCR (qPCR)
Thymocytes were extracellularly stained with lipid-loaded CD1d tetramer, CD4, and TCR␤ and sorted on a MoFlo (DakoCytomation). Total RNA was extracted using TRIzol (Invitrogen Life Technologies) and then reverse transcribed using iScript (Bio-Rad). qPCR analysis was done on an Mx3005P cycler (Stratagene) using Brilliant SYBR Green PCR reagent (Stratagene). Cycling conditions were 95°C at 10 min, 40 cycles of 95°C at 15 s, and 60°C at 60 s. Primers for GATA-3 were 5Ј-AGAACCGGC CCCTTATCAA-3Ј (sense) and 5Ј-AGTTCGCGCAGGATGTCC-3Ј (antisense) (32); and for ␤-actin, 5Ј-GCTCTGGCTCCT〈GCACCAT-3Ј (sense) and 5Ј-GCCACCGATCCACACCGCGT-3Ј (antisense) (23) .
NKT hybridoma stimulation
Thymocytes from WT and GATA-3KO mice were purified using CD8 magnetic beads (Miltenyi Biotec) to enrich DP cells. CD1d KO thymocytes were used without enrichment. The purified thymocytes (5 ϫ 10 4 cells) were then incubated in a 1:1 ratio with variant (14S.6 and 14S.15) or invariant (24.7 and 24.8) NKT hybridomas (33) . Cells were incubated in a 96-well plate overnight, and supernatants were assayed for IL-2 using a sandwich ELISA (BD Pharmingen). Secondary detection was performed using streptavidin-conjugated alkaline phosphatase and p-nitrophenyl phosphate (Sigma-Aldrich).
Bone marrow transfer
Bone marrow cells were harvested from the femur, tibia, and humerus of GATA-3KO or C57BL/6 Thy1.1 congenic mice. Cells were depleted of RBC and washed twice with RPMI 1640. Recipient mice were gamma irradiated (single dose of 400 rad) and were infused with 4 ϫ 10 6 cells by tail vein injection. Mice were analyzed 6 wk later.
Apoptosis assay
Thymocytes or splenocytes were first stained for iNKT cells as described above. The stained cells were washed twice with PBS and then resuspended in annexin V binding buffer. Cells were stained with annexin V-PE and 7-aminoactinomycin D per BD Pharmingen protocol and analyzed by FACS.
In vivo ␣GalCer-induced activation assays
Two micrograms of ␣GalCer or vehicle (DMSO) in 100 l of PBS were injected into the tail vein. For serum cytokine determination, mice were euthanized and bled at 2 and 5 h. The blood was allowed to clot, and the serum was separated from the clot by centrifugation. IL-4 and IFN-␥ were detected by sandwich ELISA using capture and biotinylated Abs from BD Pharmingen. For secondary stimulation of B and CD8 cells, splenocytes were collected 5 h after injection and stained with CD69, anti-CD8, and anti-B220. For intracellular cytokine staining, splenocytes were collected at 40 min after injection and cultured in T cell medium (RPMI 1640 with 10% FCS, HEPES, penicillin and streptomycin, pyruvate, nonessential amino acids, L-glutamine, and 2-ME). Monensin was added to a final concentration of 3 M, and the cells were incubated for an additional hour. Cells were extracellularly stained with anti-TCR␤, anti-CD4, and CD1d-tetramer. After washing and fixing with 2% paraformaldehyde, cells were permeabilized with 0.1% saponin and stained with anti-IFN-␥, anti-IL4, or anti-IL13 Abs and analyzed by FACS. For determination of activation markers (CD25, CD40L, and CD69) and TCR down-regulation, splenocytes were collected 2 h after injection and stained with anti-TCR␤, anti-CD4, CD1d-tetramer, as well as anti-CD25, anti-CD40L, or anti-CD69 Abs.
In vitro PMA-and ionomycin-induced activation assays
For in vitro stimulation, splenocytes were stimulated and cultured in T cell medium. For intracellular cytokine staining, monensin was added after 1 h to a final concentration of 3 M and allowed to incubate for an additional hour. The remainder of the assay is identical to the aforementioned protocol for in vivo protocol. For determination of activation markers, splenocytes were cultured for 2 h and stained identically to the in vivo protocol.
Results
Expression of GATA-3 in subsets of iNKT cells
GATA-3 has been reported to be expressed in iNKT cells (20, 30) , but their subset specific expression and their levels relative to Th1 and Th2 cells have not been reported previously. To address these questions, we sorted WT thymic iNKT cells into CD4 ϩ and DN subsets and measured GATA-3 expression with qPCR. As shown in Fig. 1a , both subsets expressed comparable levels of GATA-3 and the levels were comparable to that of stimulated Th2 cells, which are known to express high levels of GATA-3.
GATA-3 is required for the development of CD4 ϩ iNKT cells and the survival of peripheral iNKT cells
To further investigate the role of GATA-3 in the development of iNKT cells, we compared the number and phenotype of iNKT cells between GATA-3KO mice and control littermates (WT). We found that GATA-3KO mice did have iNKT cells that stained specifically for lipid-loaded CD1d tetramer (Fig. 1b) . The absolute number of iNKT cells in the thymus of GATA-3KO mice was very comparable to that of WT mice (Fig. 1c) , although there was a 2-fold reduction in their surface TCR expression as measured by mean fluorescence intensity (MFI) when compared with WT iNKT cells (Fig. 1b) . This is in contrast to the periphery where the number of iNKT cells was decreased (Fig. 1c) , but their TCR expression was normal (Fig. 1b) . iNKT cells were drastically reduced in the spleens and livers of GATA-3KO mice (Fig. 1c) -a 6-fold decrease in the spleen and almost complete absence (Ͼ40-fold ϩ and DN subsets. GATA-3KO iNKT cells (KO) were not further separated. Results are plotted relative to ␤-actin expression. WT B cells (B) were purified from whole splenocytes using B220 magnetic beads (Miltenyi Biotec). WT Th1 and Th2 cells were generated as described in Materials and Methods. A fraction of Th2 cells (Th2 stim) were stimulated with PMA and ionomycin for 4 h before analysis. b, Cells from the indicated organs from WT and GATA-3KO mice were stained for TCR␤-allophycocyanin (H57-597) and CD1d tetramer-PE (either loaded with lipid or unloaded). Spleen and liver plots were gated on CD19-allophycocyanin-Cy7-negative cells. Numbers beside the oval gates indicate percentage of iNKT cells. MFI of TCR␤ is shown for the iNKT population where indicated. Results are representative of six (thymus and spleen) or three (liver) experiments. c, Total iNKT cells were enumerated from six (thymus and spleen) or three (liver) experiments and are shown plotted on a logarithmic scale. The differences marked with an asterisk were statistically different with p Ͻ 0.01 using a paired, two-tailed Student's t test. d, Representative CD4-PerCP distributions of iNKT cells from the thymus and spleen are shown from WT and GATA-3KO mice. The percentage of CD4 ϩ iNKT cells from thymus and spleen from multiple experiments is shown below. Both comparisons between WT and GATA-3KO were statistically different with p Ͻ 0.00002 using a paired, two-tailed Student's t test. e, Annexin V and 7-AAD staining on WT and GATA-3KO iNKT cells from thymus and spleen. Results are representative of two independent experiments. In the thymus, cells were gated for TCR-FITC-positive, CD1d tetramer-allophycocyanin-positive cells. In the spleen, cells were additionally gated for CD19-allophycocyanin-Cy7-negative cells. reduction) in the liver. The reduced number of peripheral GATA-3KO iNKT cells was also confirmed by qPCR measuring the level of V␣14-J␣18 transcripts (data not shown). Another striking phenotype of the GATA-3KO iNKT cells was the marked reduction in the CD4 ϩ subset (Fig. 1d) . In the thymus, only 6.44 Ϯ 2.99% of GATA-3 KO iNKT cells were CD4 ϩ vs 36 Ϯ 6.2% in the WT (n ϭ 7). This reduction was also seen in the splenic iNKT cells: 4.5 Ϯ 4.3% vs 72.2 Ϯ 4.4% for GATA-3KO and WT, respectively (n ϭ 14). As Cre-mediated gene deletion is often incomplete, the residual GATA-3KO iNKT cells may represent cells that have escaped Cre-mediated deletion of the Gata3 gene. This scenario is very unlikely because the level of GATA-3 transcript in the residual GATA-3KO iNKT cells was as low as that of B cells, which do not express GATA-3 (Fig. 1a) . Thus, the GATA-3KO iNKT cells have likely undergone Cre-mediated deletion of Gata3.
The expansion of iNKT cells takes place mainly at the thymic NK1.1 Ϫ stage (6) and mature thymic and peripheral iNKT cells proliferate rarely in naive mice (3, 6, 34, 35) . Thus, the sharp drop in the number of iNKT cells in the peripheral organs of GATA-3KO mice implies a net loss, instead of lack of proliferation, of mature iNKT cells. In agreement with this notion, we found more GATA-3KO splenic iNKT cells than WT cells were undergoing apoptosis, as evidenced by positive staining with annexin V and 7-AAD (Fig. 1e) . In contrast, the percentages of apoptotic cells were very comparable between WT and GATA-3KO thymic iNKT populations, suggesting that a large number of GATA-3KO iNKT cells die after exiting the thymus. These data indicate that increased death in the periphery contributes to the decreased number of iNKT cells seen in the GATA-3KO mice but does not exclude the possibility of defects in thymic egress or peripheral proliferation.
Deficiency of GATA-3 alters the thymic development of iNKT cells
To further characterize the development of iNKT cells in the absence of GATA-3, we examined the expression of several stagedependent surface markers by iNKT cells obtained from mice at different ages (Fig. 2a) . (Fig. 2b) .
ϩ and at 2 wk, this falls slightly to 49%. By 3 wk of age, 40% are CD4 ϩ , approximating the average value for adult mice (36% from Fig. 1d) .
The development of iNKT cells was altered greatly in the absence of GATA-3. The CD44/NK1.1 and CD4/NK1.1 plots are shown for the 1-wk-old GATA-3KO mice for completeness, but these cells likely represent background rather than true iNKT cells. At 2 wk of age, a significant portion (ϳ17%) of GATA-3KO iNKT cells expressed NK1.1 before the up-regulation of CD44 (Fig. 2b) , apparently bypassing stage 2. Despite the altered maturation program, 81% of GATA-3KO thymic iNKT cells eventually entered stage 3 by 3 wk of age. However, the percentage of thymic iNKT cells expressing the NK1.1 marker is still significantly higher (90 vs 40 -50%) in GATA-3KO mice than in WT mice. Thus, deficiency of GATA-3 altered the maturation program rather than causing a block in the development of iNKT cells. Furthermore, the reduction in the CD4 ϩ subset was seen from the earliest times we could convincingly distinguish iNKT cells (2 wk).
GATA-3 is required for the peripheral maturation of iNKT cells
Splenic iNKT cells of WT mice at 1 and 2 wk after birth only expressed a medium level of CD69 (Fig. 2c only shows the 2-wk profile for clarity but the 1-wk profile was identical). At 3 wk, a bimodal distribution was seen with both intermediate and high populations, and by 6 wk of age, nearly all splenic iNKT cells expressed high levels CD69. In contrast, GATA-3KO splenic iNKT cells had an intermediate CD69 expression, which did not change with age. CD69 expression on WT thymic iNKT cells was intermediate when compared with the expression seen on immature (TCR low) and mature (TCR high) thymocytes (Fig. 2d) . Furthermore, the levels were comparable between the WT and GATA-3KO thymic iNKT cells and did not change with age (data not shown). Our results indicate that iNKT cells, after exiting the thymus, undergo further maturation by up-regulating CD69 and that this peripheral maturation step is dependent on GATA-3.
Abnormal iNKT development in GATA-3KO animals is cell intrinsic
iNKT precursor cells originate from DP thymocytes and are selected by DP thymocytes in a CD1d-dependent manner (2-4). In addition, thymic epithelial cells also play a crucial role in the positive selection of iNKT cells (8, 9) . As iNKT precursors and selectors both express GATA-3, the abnormal development of GATA-3KO iNKT could be due to a defect in either iNKT precursors or selectors. We first found that the level of CD1d in GATA-3KO thymocytes was comparable to that of control thymocytes (Fig. 3a) . We then went on to determine whether GATA-3KO thymocytes could efficiently express and present autoantigens to iNKT cells. As deficiency of GATA-3 results in a profound FIGURE 3. a, CD1d expression on DP thymocytes from WT, GATA-3KO, and CD1d KO mice are comparable. CD1d MFI is shown in parenthesis in the figure legend. Data are representative of three independent experiments. b, CD4/CD8 profiles of WT and GATA-3KO thymocytes before and after CD8 MACS purification are shown. CD1d KO thymocytes were not purified. These thymocytes were incubated with autoreactive variant NKT (14S.6 and 14S.15) or iNKT (24.7 and 24.8) hybridomas overnight. IL-2 produced by the stimulated NKT hybridomas was measured by ELISA. The NKT hybridomas were also incubated in the absence of thymocytes (none) as an additional negative control. Data shown are representative of two independent experiments. c, CD122 and NK1.1 expression is shown for WT and GATA-3KO thymic iNKT cells. Cells were stained with TCR␤-FITC, CD122-PE, CD1d tetramer-allophycocyanin, and NK1.1-PE-Cy7 and gated on TCR␤ ϩ , tetramer ϩ events. Results are representative of two independent experiments. defect in the generation of CD4 single-positive (SP) thymocytes (23), we used CD8 magnetic beads to enrich DP and CD8SP thymocytes to make the WT and GATA-3KO thymocyte subsets more comparable (Fig. 3b) . The DP and CD8SP thymocytes were then incubated with variant and invariant NKT hybridomas, and the production of IL-2 was measured as an indicator of NKT hybridoma activation. As shown in Fig. 3b , the enriched GATA-3KO DP thymocytes were at least as competent as WT thymocytes in stimulating autoreactive NKT hybridomas. The activation of NKT hybridomas required CD1d on thymocytes because CD1d KO thymocytes failed to elicit any IL-2 response. These data indicate that the Ag-presenting function of GATA-3KO thymocytes is intact and suggest that the aberrant development of GATA-3KO iNKT cells is caused by a cell-intrinsic defect.
IL-2R␤ (CD122) is necessary for iNKT cell development and is up-regulated between stages 2 and 3 of thymic iNKT development (7, 36) . Failure to up-regulate CD122 may be responsible for the iNKT cell phenotype seen in the T-bet KO mice (20) . Thymic iNKT cells were analyzed to determine whether GATA-3 deficiency caused a similar defect. In WT mice, NK1.1 Ϫ iNKT cells (stage 1 and 2) were predominantly CD122 negative whereas NK1.1 ϩ iNKT cells (stage 3) were CD122 positive (Fig. 3c ). In the GATA-3 deficient thymus, 90% of iNKT cells were positive for both CD122 and NK1.1 indicating that failure to up-regulate CD122 is not responsible for the developmental phenotype. There was no appreciable difference in CD122 expression between WT and GATA-3KO splenic iNKT cells (data not shown).
Although these findings are suggestive of a cell-intrinsic defect in iNKT development, they do not exclude the possible role of subtle yet important defects in the thymic microenvironment of GATA-3KO mice. To confirm the cell-intrinsic defect, we generated bone marrow chimeric mice. RAG-1-deficient (RAG-1KO) mice were sublethally irradiated and then received bone marrow cells derived from GATA-3KO and/or WT Thy1.1 congenic mice. In the RAG-1KO hosts that received both GATA-3KO and congenic bone marrow, GATA-3KO and congenic iNKT precursors develop in the same microenvironment composed of RAG-1KO thymic epithelium, GATA-3KO, and congenic DP thymocytes. Differences seen between the WT and GATA-3KO iNKT cells in these mice must therefore be due to cell-intrinsic effects. Six weeks after transfer, host mice were sacrificed, and the development of iNKT cells was analyzed. Because RAG-1KO mice do not have endogenous iNKT cells, all iNKT cells in the host animals were derived from donor bone marrow cells. Both GATA-3KO and congenic bone marrow were able to reconstitute iNKT cells in the RAG-1KO mice (Fig. 4a) . Similar to the results seen in the Fig. 1b , the GATA-3KO iNKT cells had lower surface expression of TCR when compared with the congenic iNKT cells, and this difference was not rescued in the host receiving bone marrow from both donors.
We found that host animals that received only WT bone marrow cells contained both CD4 ϩ and DN iNKT cells (Fig. 4b ). In contrast, GATA-3KO bone marrow gave rise mainly to the DN subset. In RAG-1KO mice that received both congenic and GATA-3KO bone marrow cells, the GATA-3KO iNKT cells once again were predominantly DN, indicating a cell-intrinsic defect.
The requirement of GATA-3 for optimal peripheral iNKT survival is also cell intrinsic. In mice receiving both GATA-3KO and congenic bone marrow, both lineages contributed comparably to thymic iNKT cells. Thymic iNKT cells (48 Ϯ 12%) were from the GATA-3KO bone marrow (Thy1.2 ϩ ) vs 52 Ϯ 12% from the congenic (Thy1.2 Ϫ ) (Fig. 4c) . This is in sharp distinction to the spleen of these mice where only 8 Ϯ 5.5% of iNKT cells were from the GATA-3KO bone marrow ( p Ͻ 0.05 for comparison to thymus by two tailed Student t test). This dramatic drop in peripheral GATA-3KO iNKT cells despite normal numbers in the thymus recapitulates what was seen in the GATA-3KO mouse (Fig. 1c) . Furthermore, the level of CD69 expression on splenic GATA-3KO iNKT cells was lower than that of congenic iNKT cells (Fig. 4d) . These findings show that all of the defects in the GATA-3-deficient iNKT cells-loss of CD4 ϩ subset, decreased number in the periphery, and defective up-regulation of CD69 in the periphery-are due to cellintrinsic defects rather than due to defects in the microenvironment.
Impaired responses of GATA-3KO iNKT cells to i.v. ␣GalCer
One unique feature of iNKT cells is the prompt production of large amounts of cytokine in response to TCR signaling. To determine whether deficiency of GATA-3 also affects the function of iNKT cells, we injected both GATA-3KO and WT mice with ␣GalCer i.v. It has been demonstrated that i.v. injection of ␣GalCer results in a sharp rise in the serum levels of cytokines, including IL-4 and IFN-␥, produced by iNKT cells (12, 13) . Significant levels of IL-4 and IFN-␥ were readily detected in the serum of WT mice 2 h after injection (Fig. 5a) . The level of IFN-␥ remained high 5 h after injection. In addition, we detected up-regulation of CD69 in B and T cells (Fig. 5b) , a consequence of the iNKT-induced cytokine storm (37) . In contrast, no IL-4 or IFN-␥ was detected in the serum of GATA-3KO mice even 5 h after injection, nor did we detect up-regulation of CD69 in B or T cells in those mice. GATA-3KO mice are unable to mount a cytokine storm in response to i.v. ␣GalCer.
The lack of cytokine response to i.v. ␣GalCer in GATA-3KO mice could be explained by the markedly reduced numbers of iNKT cells. In addition, GATA-3KO iNKT cells may have an intrinsic defect precluding them from producing cytokines. To test the latter scenario, we again injected mice with i.v. ␣GalCer and then examined the production of cytokines by iNKT with ex vivo intracellular cytokine staining. As shown in Fig. 5c , ϳ50% of WT iNKT cells stained positive for IFN-␥ and ϳ10% of iNKT cells also expressed IL-4. Unlike WT iNKT cells, iNKT cells from GATA-3KO mice produced neither IL-4 nor IFN-␥ in response to i.v. ␣GalCer injection even when examined on a single-cell basis.
GATA-3 plays an important role in the production of Th2 cytokines in T cells (27) and IFN-␥ in NK cells (21) , and this may explain the lack of cytokine storm in response to ␣GalCer stimulation in GATA-3KO mice. An alternative, but not mutually exclusive explanation, is that GATA-3 deficiency causes a defect in TCR signaling, thereby affecting the activation of iNKT cells. We therefore investigated whether GATA-3KO iNKT cells were activated by i.v. ␣GalCer. As shown in Fig. 5d, i. v. ␣GalCer induced the up-regulation of CD25, CD40L, and CD69, downstream markers of TCR signals, in WT iNKT cells. In contrast, i.v. ␣GalCer only induced a modest but reproducible increase in the level of CD69 in GATA-3KO iNKT cells and no induction of CD25 or CD40L. These observations argue strongly that deficiency of GATA-3 leads to a defect in TCR signaling. Nevertheless, GATA-3KO iNKT cells obtained from ␣GalCer-injected mice still displayed ligand-induced down-modulation of TCR, as evidenced by the dimmer staining with CD1d tetramer and TCR␤ Ab (Fig. 5e) . Thus, GATA-3KO iNKT cells did encounter ␣GalCer and were not sequestered away from APC in vivo.
Bypassing proximal TCR signaling induces IFN-␥ but not Th2 cytokine production in GATA-3KO iNKT cells
The data shown in Fig. 5 suggest that deficiency of GATA-3 leads to a block in TCR-mediated signal transduction. To localize the block in TCR-mediated signal transduction, we stimulated GATA-3KO iNKT cells in vitro with PMA and ionomycin, which bypass proximal TCR-mediated signaling events. Two hours after stimulation with PMA and ionomycin, 22, 9, and 10% of splenic iNKT cells from WT mice stained positive for IFN-␥, IL-4, and IL-13, respectively (Fig. 6a) . In the GATA-3KO iNKT cells, 29% stained positive for IFN-␥ after stimulation, demonstrating that the machinery for producing IFN-␥ is still functional in GATA-3KO iNKT cells. In contrast to IFN-␥ production, PMA and ionomycin were still unable to induce IL-4 or IL-13 production in GATA-3KO iNKT cells.
In addition to inducing IFN-␥ production, PMA and ionomycin up-regulated CD69 in GATA-3KO iNKT cells to a level nearly equivalent to that of stimulated WT iNKT cells (Fig. 6b) . This indicates that the cellular machinery necessary to up-regulate CD69 is intact in GATA-3KO iNKT cells. Somewhat surprisingly, despite being able to induce IFN-␥ production and up-regulate of CD69, PMA and ionomycin could not up-regulate CD25 or CD40L even in WT iNKT cells. Taken together, GATA-3 is not only absolutely required for the production of type 2 cytokines but is also critical for the activation of iNKT cells through the TCR, most likely at a stage proximal to protein kinase C (PKC) and calcium flux, the pathways activated by PMA and ionomycin. Our data also indicate that in vitro stimulation with PMA and ionomycin does not fully recapitulate the activation of iNKT cells by in vivo ␣GalCer injection.
Discussion
iNKT cells, a distinct subpopulation of T cells, play a critical role in a variety of normal and abnormal immune responses. The transcriptional control of iNKT cell development, and even more so iNKT cell function, remains very poorly understood in comparison to that of conventional ␣␤ T cells. Using a T cell-specific, genedeficient animal model, we show here that GATA-3, a transcription factor required for the development and function of conventional CD4 Th cells, also critically regulates the development, survival, activation, and effector function of iNKT cells in a cellintrinsic manner.
Previously described defects in iNKT cell maturation have led to either complete loss or severe reduction in their number. In contrast, we show that GATA-3 deficiency selectively affects the generation of the CD4 ϩ subset of iNKT cells in both the thymus and the periphery. In the GATA-3-deficient mouse, iNKT cells have a higher rate of apoptosis in the periphery, but the failure of CD4 ϩ iNKT cells to develop in the thymus remains unexplained. The selective nature of this deficiency is reminiscent of the lack of conventional CD4SP thymocytes in GATA-3KO mice, raising the possibility that the molecular mechanisms regulating the generation of both CD4 ϩ T cell subsets could be similar. In addition to GATA-3, the development of conventional CD4
ϩ ␣␤ T cells requires lineage commitment signals, controlled by factors such as c-Krox/Th-POK (38, 39) , and postcommitment survival signals, such as those generated by CD83-CD83L interactions (40) . Whether these factors operate in iNKT cells as in conventional CD4 thymocytes has yet to be explored.
The ability of iNKT cells to generate a cytokine storm hours after stimulation is likely related to their state of activation as measured by their high expression of CD69. The factors that initiate and maintain CD69 expression are unclear but the maintenance of high CD69 on iNKT cells in the absence of peripherally expressed CD1d argues that the maintenance, but not necessarily the initiation, is CD1d independent (5, 34) . In peripheral iNKT cells, CD69 expression is intermediate before 3 wk of age but then transitions to the high state seen in adult mice. CD69 is regulated during thymic development in conventional and iNKT cells (41) (42) (43) , but to our knowledge, it has never been described as an agedependent maturation marker in peripheral iNKT cells. This peripheral maturation step is completely blocked in the absence of GATA-3. Interestingly, this is in sharp contrast to GATA-3KO Th cells, which readily express high levels of CD69 even in unimmunized mice (29) . Because GATA-3KO peripheral iNKT cells fail to up-regulate CD69, we are unable to determine whether GATA-3 is also required for the maintenance of CD69 after it has been up-regulated.
Given the role of GATA-3 as a chromatin remodeling factor (44) and direct transactivator of type 2 cytokine genes (25) (26) (27) , the failure of GATA-3-deficient iNKT cells to produce IL-4 and IL-13 after stimulation is not surprising. In contrast to GATA-3KO Th cells, which produce more IFN-␥ under type 2 culture conditions (28), GATA-3KO iNKT cells are defective in IFN-␥ production when stimulated with ␣GalCer. Although NK cells also require GATA-3 for efficient IFN-␥ production (21), the mechanisms for this similarity are different between NK and iNKT cells. In NK cells, GATA-3 deficiency causes decreased expression of T-bet, a factor known to be critical for IFN-␥ production, and IFN-␥ production was impaired even in response to PMA and ionomycin stimulation. In iNKT cells, PMA and ionomycin can restore IFN-␥ production, demonstrating that the transcriptional and translational machinery for IFN-␥ production is intact. Consistent with this observation, the expression of T-bet in thymic iNKT cells was comparable between WT and GATA-3KO mice (data not shown).
Deficiency of GATA-3 caused a profound defect in transducing TCR-mediated signals as measured by activation markers and cytokine production in iNKT cells stimulated in vivo with ␣GalCer. The paucity of peripheral GATA-3KO iNKT cells has thus far hampered more detailed biochemical analyses of the TCR-signaling pathways in these cells. However, the data above allow us to make some preliminary attempts to characterize the pathways leading to cytokine production and induction of activation. GATA-3-deficient iNKT cells display ligand-induced down-modulation of TCR, suggesting that proximal TCR signaling events are at least partially intact and that activation and recruitment of molecules such as Lck, Fyn, and Zap-70, important in conventional T cells, may also be preserved (45) . These early events in TCR signaling culminate in the activation of PKC and calcium flux, which can be pharmacologically induced with PMA and ionomycin (46) . The fact that in vitro stimulation with PMA and ionomycin can induce cytokine production and up-regulation of CD69 in GATA-3KO iNKT cells indicates that the signaling defect caused by GATA-3 deficiency lies downstream of Lck, Fyn, and Zap-70 but before the activation of PKC and calcium flux. Intriguingly, while some downstream effects of in vivo stimulation with ␣GalCer, such as IFN-␥ production and CD69 up-regulation, were recapitulated by in vitro PMA and ionomycin stimulation, others, such as CD25 and CD40L up-regulation, were not, even in WT iNKT cells. This unexpected observation suggests that signals responsible for upregulating CD25 and CD40L in iNKT cells, while initiated by TCR/CD1d interactions, may not involve activation of PKC or calcium flux. Alternatively, the signals responsible for CD25 and CD40L up-regulation may be initiated from a CD1d independent source but act synergistically with TCR-mediated signals. In such a case, it will be of interest to determine whether this CD1d-independent pathway is the same one that is needed to maintain the CD69 high phenotype in peripheral iNKT cells. Our work underscores the similarities and differences between iNKT and conventional ␣␤ T cells, and further dissection of the transcriptional and signaling networks involved will further our understanding of iNKT cell biology.
